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Advanced Packaging for 5G in RF and Analog
Mixed Signal

IEEE HIR 5G mm-waves TWG Chair &
Tim Lee (The Boeing Company)

Boeing Technical Fellow, BR&T February 2024
2024 |[EEE-USA President-Elect
IEEE FNTC Vice-Chair
IEEE HIR TWG Co-Chair Timothy Lee, currently a Boeing Technical Fellow, is responsible
Past President, [EEE MTT-S for the development of RF and digital electronics for advanced

communications networks and sensor systems. In the IEEE, Tim
is promoting the use of technology to benefit humanity.
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Technology Roadmaps to Enable the 5G Ecosystem

* Microwave / millimeter-wave RF-Front Modules needed for emerging
5G User Equipment (UE) and Base-stations (BS)

 Roadmaps for Hardware and Advanced Packaging to guide us to areas
of research for millimeter-wave RF Front-Ends for 5G and Beyond

* Time horizons: 3-, 5- and 10-years
* Addressing Semiconductors and Advanced Packaging technical trades

* Devices, materials, processes and substrates needed to support the
goal of low-cost high performance 5G New Radio (NR) hardware

* Initial look at beyond 5G for technology needs between 100 GHz to 1
THz (6G)
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The Mobile Economy

E]" Unique mobile
subscribers

2022 54bn v ‘ g
Zos0 6 3bn Penetrationrate  5) CASR, 30 2.0%

4 4bn 55 ) (o D @
T a4 asx

v 8.4bn = 60% -
g 8bn ! @

Penetration rate 105% ) ( 114%
ercentage of population 2022 2030

S o 22 12% O
Dl 5% 549 G

=76% [j
=92% 4

(8) Shrimiimsnues
$1 O7tn (-

2022 $5 2tn . of GDP
*$6.0tn

@ Employment

16 million jobs

() Licensed cellular
loT connections

&{3

2022 2.5bn

:5.3bn

Operator capex

$1.5tn

2023 ~—@ 2030

‘ (3) | 92% on 56 ‘

fIT Public funding @
2022 $530bn f_1
[ Mobile ecosystem col t ibution to W
public f d g (befol egulatory
nd spec tumf 5)

Lr®

" 10 12 million

[—9 Directly supported by the mobile

jobs
ecosystem in 2022] supported
indirectly

‘—-\ 1EE

https://yw. gsma.com/mobileeconomy/
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HETEROGENEOUS
INTEGRATION ROADMAP

Status of 5G Deployments in 2024 (GSMA Report)

| Mvobile adoption by technology

Percentage of total connections

70%

60%

50%

40%

30%

20%

2022

2023

2024 2025 2026

2027

2028

Csc IO

Cic I

2029 2030

e C-Band: 3.7GHz to 3.98GHz turned on in US

https://www.gsma.com/mobileeconomy/
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The 5G Era has begun and gaining momentum!

Average Download Speed (Mbps)

5G mmWave 640.5
(eg. 5G+, 5G UWB)

5G sub 6GHz | 639
)

(e.g. “nationwide”

4G .31.4
public wifi [ 219
i ns,

Other Wifi 837 OPENSIGNAL

(e.g. home, office)

Data collection period December 19, 2020 - March 19, 2021 | © Opensignal Limited

© DOWNLOAD Mbps (® UPLOAD Mbps

1483 10.4

Ping ms &) 38 ®230 @®1709 @ Jitter ms20

etalled Result lest Again

AT&T 5G+ SpeedTest at CES 2024 in Las Vegas
Convention Center (mm-waves)
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Digital Connectivity: A Transformative Opportunity

| 2025 Advocacy Targets for Bridging the Digital Divide

* The events of the last three years, with a global

health pandemic and the swift international pivot to
digital delivery of goods, services, work, and play,
have yielded unique insights into just how critical
stable, broadband access is and will continue to be.
While the global markets still face strong economic
headwinds today, digital connectivity has accelerated
as people, businesses, and governments pivoted
strongly towards online communications, and we
continue to see new internet devices and
applications, growing broadband penetration into
developing markets.

We won’t rest until we live in a world where
meaningful connectivity is a iived reaiity fo everyone,
everywhere.”

MAKE BRO

brpadbandoommission. orgdadvocacy-target

ADEAND

TARGET 5

MCREASE USE OF
FINAMCE

0.

Defining
(and
re-defining)
measurable
goals for
“universal
meaningful
connectivity”
to meet
today's
needs

TAFIGET 2

r-‘u\I -l']'n.f'l]

'-!'.'”wllr VERSAL .ﬁ FFORDABL

Q-

Close the
Usage Gap
by addressing
key barriers
to people
adopting and
using the
Internet where
coverage is
available

TARGET &
GET MSMEs
OMLINE

Broaden
contributor base
and implement
creative funding
approaches,
including
incentivising
infrastructure
funding,
reforming USAF
approaches

O © &

TAHGET 3

EVERYOMNE

TARGET 4

ROMOTE D
- @ al

TARGET 7

BRIDGE THE GENDER

DHEITAL O

@

Alignment and
incentivizing funding
contributors is key
for government
connectivity plans,
mobilizing all sec-
tors' pools of capital
by removing chal-
lenges and barriers
to network infra-
structure investment

' -BHI]AI]BAHI]

TARGETS . COMMISSION

O

Build
network
infrastructure
policies to
last with
sustainable
and agile
plans

https://broadbandcommission.org/publicatlon/state—or—broadband—ZUZS/

€ IEEE

photonlcs

SOCIE

/psemr

ZoN\
Ero

IEEE
BLecTmoncs
N~/ SOCIETY

‘ |E LECTRON
' ) DEVICES
s ’ SocETY®



7 -
Joint

- Every 10 years a new generation of mobile communication
e Comm &

Smartphone Mobile broadband Sensing
Apps/video ~10Gbps
Start of mobile broadband ~225Mbps
Voice Mobile Voice Information in hand Divergence
Analogue Messaging ~14Mbps Internet-of-things - eMBB
~28.8 kbps Rise of M2M Traffic e URLLC
c MM2M

Peak data rate >100Gbps
Extreme coverage
Pervasive connectivity

Holographic telepresence

Today
3G 4G 5G 6G

2010s 2020s 2030s

" Nadine Collaert, imec, Emerging device and heterogenous integration technologies for sub-THz
~_ Applications, ISSCC 2022, 6G Forum.

IEEE .
QIEEE  *photonics semr g3

N~/ SOCIETY

&@,’ LECTRON
S S



-
. .y = INTEGRATION ROADMAP
Solutions needs to enable additional spectrum
55 §!§+
A, A
r A R
5G-FR2 and FR2+ 60 GHz unlicensed  potential 56 bands
Aggregate spectrum: 33.25 GHz spectrum: 9 GHz E band

;m . — * Sweet Spot still C-Band
Lorr e * FR2 bands usage
Pmerma\_bar_ltisfm mabile I i m ited b ut grOWi ng

communication
Aggregated  H band ® GG
Spectrum e
351GHz
| |
 §
200 101 400

6G D band
I 500

Source: Taro Eichler, Millimeterwave and THz Technology for 5G and Beyond, Rohde & Schwarz

[0 Congested licensed bands below 6GHz [0 US C-band auction: $80B for 280 MHz
B Best for range and transmission B FR3 spectrum value will be large
B Over $1 Trillion in Value! O Huge amounts of spectrum available at

0 Coexistence challenges with WiFi 100-300 GHz

O FR3 slowly progressing through unwinding B Solutions will be technically challenging
exiting allocations

OUELIEE 1 ctate s Conferenc F3.1: Emerging Device Technologles for 7 of 42

Nicholas Comfoltey, “Emerging Device Technologies for RF/mmWave FEMs,” ISSCC2023 Forum
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MmWave Development in 2023: Where's It Going & What Are the Challenges
Positives:3 years after 5G was officially commercialized, while - Commem'a”pre'com?;g;%al Sl
most of the deployments are primarily focused on 5G mid-band,
the development of 5G mmWave technology has also been
underway. 5G mmWave, operating in high-frequency bands 9% 15%
between 24-100 GHz, offers faster data transfer rates, low
latency, and higher bandwidth compared to the previous wireless
technology. O b
' aMid bands |: 1 - 2.6 GHz

. 23% ySub-6 GHz (3.5 -7 GH2)
Negatives: However, the deployment of 5G mmWave technology e Al i it
poses challenges beyond its physical characteristics, such as
shorter range and susceptibility to interference. -.?3% /

° . . . . . \\\
Lack of compelling business use cases that justify its cost and \_/ IDTechEx

deployment challenges.
* The benefits may not be enough to justify the significant

investment required to dep|oy it. Source: "5G Market 2023-2033: Technology, Trends, Forecasts, Players" from IDTechEx
* Need to to identify and prioritize the use cases to provide the FR2: FWA and high-density areas like
most significant impact and return on investment. stadiums and airports

https://wwwrg,gl'ttechex.com/en/research)rticle/mmwave-deve!oplrggéent-in-2023-wher -it-going-and-what- .
@ IEE&Ehe-challeftas/2901igs ‘psemi &S s JASME R iy
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Millimeter-Waves Challenges and Mitigations

Challenges: Mitigations:

Propagation: Line of * Phased Arrays

Sight * Use of low-band for UL

Rain attenuation e Use of High Power UE
Foliage attenuation

Building penetration
losses

AiP (Antenna-in-Package) subsystem is designed for both gNB and UE
to eliminate mmWave propagation loss as well as reduce the pathtoss
from the antenna to the baseband to improve the receiving sensitivity.

Beamformer (PA/LNA)
U/D Converter

https://www.gsma.com/futurenetworks/wp-content/uploads/2022/10/FINAL-5G-mmWave-Deployment-

Best-PractiFE%g-Design-yVhite—Paper—N}ember-ZOZZ.pdf - e
©IEEE kPhotopics psemr 6 o T ASME AP
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6G Wireless Communications in 7—24 GHz Band:
Opportunities. Techniaues. and Challenges

( | ( ) A Frequency
FR | Peak capacity, High-precision sensing, sub-THz
THz Communication-on-chips 6G 130-174.8 GHz, 92-114.25 GHz 21.1-23.6
— R —— e 90 GHz
. . W
ER2 Micro coverage, high- mmurave =
capacity, localization 5G/6G 24-52 GHz, 57-71 GHz E:
et 24GHz °©
. wn | 17.7-19.7
. Medium coverage Upper Mid-band ©
Emergence of FR3: . 3
g FR3 and capacity 5G-Advanced/6G 7-24 GHz o
enhancement ;
P R 7GHz | =
Mid-band 2
]
Urban Marco & [46:‘56.*66 1.5, 1.8, 2.1, 2.3, 2.6 GHz ] 5 14.3-15.35
Micro coverage =
5G/6G 2.5-7.1 GHz
FR1 /—\\Lbd """""""""""""""""""""""""""""""""""""""""""""" 1GHz
ow-ban
Broad 10.7-13.25
coverage & [46.*56;‘66 600, 700, 800, 900 MHz ] 00 MH
6G 470-694 MHz 10.5-10.68
- — 10-10.45
F N ey @ o A ‘{—\
o) B E B D |
i L
FR | | Application = ﬁﬁ i —
Rural Urban Dense urban Hotspot Localarea Indoor Urtra-short 7.125-8.5
J\ /> 3000m 1000 m 300 m 100 m 30m 10m <01m

- https://arxiv.org/pdf/2310.06425v1.pdf
®IEEE “Photonics /psemr 6 Bmones
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Why mmWave?

SNR
~—

¢ = Blogy (1+—=
= Jlogz{ 1Ty R

C: Channel capacity
B: Channel Bandwidth [HZ]
N,: Noise Power Spectral Density [W/HZz]

High SNR: Capacity is linear in bandwidth,
logarithmic in power.,

Shannon-Hartley Theorem:

Low SNR: Capacity is insensitive to bandwidth,
linear in power.

P: Average Received Power [W]

Carrier Modulation Available Max Data Rate
Frequency Bandwidth[GHz] [Gb/s]
Sub-6GHz | 4096-QAM 0.15 1.35 ,
~30x increase
28GHz 256-QAM 0.85 5.1 .
in data rate!
60GHz 64-QAM 8.64 38.9
70GHz 64-QAM 5 22.5

Operation at mmWave frequencies enables wide bandwidth designs - Potential for higher data rates

12



RF Front-Ends Play a Critical Role to the Deployment of 5G

<

HETEROGENEOUS
INTEGRATION ROADMAP

Ecosystem (RFICs, Antennas and Advanced Packaging)

According to the Fact & Figures research report, the global 5G Smart Antenna Market in 2019 was approximately
USD 260 million. The market is expected to grow at a CAGR of 57% and is anticipated to reach around USD 6,325

million by 2026.

» UE is highly SWaP-C constrained
* Battery Life
 Mm-wave propagation losses
* BS Challenges
* Signal Blockage
* Output Power & PAE
e Thermal
* Yield & Affordability
* Key Technologies:
* Advanced node CMOS, FD-SOI
2.5D/3D packaging
* Low-loss substrates

IEEE .
«photonics

€ IEEE

5G RF Front-End Modules faces many design challenges

AiP / AoP Modules (Amkor)

https://www.everythingrf.com/news/details
/12962-amkor-develops-advanced-
packaging-technology-for-5g-rf-front-end-
modules

Si/SiGe Beamformers (GF)

https://www.globalfoundries.com/sites/default/file
s/rf_soi_can_save_billions_in_5g_mmwave_networ
k_costs_with_efficient_pas_2020-04-
06_microwave_journal.pdf

/psemi

iphone 13 5G mm-wave Antenna

https://unitedlex.com/insights/apple-
iphone-13-pro-max-teardown-report

Fujikura PAAM operates at 24-30 GHz and supports concurrent dual-pol.

It integrates RF-ICs, filter and array antenna and benefits customers
with optimal TCO and reduced development time.

Top side Bottom side

Mm-wave BS Phased Array —
Beamformer Technologies using

l1I-V and SiGe (Fujikura)

https://mmwavetech.fujikura.jp/5g/?gclid=EAla
1QobChMI4qWzsLLs8wIVGmxvBBOEhwfOEAAYA
yAAEgJ96_D_BwE
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Intelligent Reflective Surfaces
for 6G (ETSI)

https://www.5gtechnologyworld.com/etsi-
launches-intelligent-surfaces-effort/

Resilient 5G
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Link design for ultra-high bandwidth

Medium access and retransmissions design

Carter requency [GH)

0 200 600 200 1,000

S ]
LY
AN
R
NN

N

~

<

<
ZHD 0L~

N

N

~

|2

//////

%

Introducing awareness
Directional neighbor and infrastructure discovery

Managing the spectrum

Optimize spectrum allocation and
manage interference

Make the network scale
Deploy energy-aware protocols and network nodes

Metasurfaces

Move bits end-to-end
Backhaul and transport protocol design

M. Polese, “Toward End-to-End, Full-Stack 6G Terahertz Networks,” IEEE Communications Magazine, Nov 2020. (Northeastern University)
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Heterogeneous Integration Platform ~

Organic ';'9000 C
o (] hi
Substrate Core Silicon S 8000 Iht
Laminates (Epos Eilggg:w ound) 5 ~— l’el Fati
Material properties G 6000 *
Surface roughness (nm) <10 400-600 > 1000 <10 E'SDOO Ideal
CTE (ppm/K) 2.9-4 317 16-30 3-9 o CTE
= 4000 D
Young's modulus (GPa) 165 10-40 22 50-90 g \ife
Moisture absorption 0 0.04% 1-2.5% 0 3000 “e\‘;at!\é'“:
©
Thermal conductivity (W/m.K) 148 0.9 0.5-0.75 1.1 - 2000 oaﬁ"x"
Physical Dimensions 1000 ‘
Package size (mm) 35x35 70x70 50x50 100x100 0
Panel/Wafer size 300 mm 710 mm? 300 mm /510 mm? 710 mm? 0 2 4 6 8 10 12

CTE ppm/C

O Materials with Silicon like properties that maximize chip and board level reliability and
support larger body sizes required!

d CTE in the range of 7-9 ppm/C with low surface roughness, Young’s Modulus and
zero moisture absorption required.

d Glass Interposer is a good candidate!

n

Madhavan Swaminathan, “Packaging for mmWave Communications,” March 2021, INEMI Webinar
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Mm-wave Phased Arrays: a Common Feature in your Phone! e

Iphone 13 Pro mm-wave modules / antenna and 5G Modem
5G Antenna Modules in Samsung S20 Ultra

5G mmWave Antenna 1 O

Skyworks ust
skvsiqo1  SKYS7217  Qualcomm 339500761
RFFEM

00 rrackey | WLAN/Bluetooth
Envelope Tracker Module

Sypeeds QUALCOMM

PMX60 PMIC

Skyworks
SKY59723
RFFEM

QTM525 mmWave Antenna %EEEEZ‘?WM gg{{{siw Rovew
https://omdia.tech.informa.com/OMO006104/Criticality-of-5G- wniees e[ S\
Modem-to-RF-Integration-A-look-inside-Samsung-Galaxy-520- o

Ultra https://unitedlex.com/insights/apple-iphone-13-pro-max-

teardown-report/
%% |CLECTRON
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Technology/Capability Gaps and Showstoppers

Challenge 1: Tight Integration is Needed
for mm-wave Phased Arrays

Quad 6 mm x 6 mm Frequency
Array of Elements Beamformers Included
1

on 5 mm Space

1 1 1
) Yo = Y mm S 4 :m' T '3?' “'3?9'“? i 3 GHz 50 mm, 2 inches 25 mm, 1 inch
i i " ®H B
Voe-odk-k smmmeie St 10 GHz 15 mm, 600 mils 7.5 mm, 300 mils
: : : for Routing )II‘ xl( -xlé ;k
' ; y sgemamf:rnr:\:r?g:d E i i i 30 GHz 5 mm, 200 mils 2.5 mm, 100 mils
L
At 30 GHz, A/2 = 200 miils, or 5
: EltectroniisAFootprintn:;e;rou:::nl:allenge 6G » 140 GHZ 1 mm
* Worse for Dual Pole

» Front-End Function Desired in Beamformer Package
* PAs and LNAs

5G Front-End architecture (number of elements, EIRP, Si vs llI-V, and Packaging) need
to be tailored for each use case

IEEE
e - ) . 7\ IEEE @%LECTRON
PIEEE  “photonics  Spsemi o B
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Phased Arrays are a key enabler for mmWave

[0 For a phased array of N elements

O Link budget improves 30/0g10(N) / ~ *xsn\

B Tx array: focused Tx radiation energy /

Nb £y \ h
O TRP increases by 10log,,(N) -ew{ i - W N —,,.M__.-"'P&'é’%,
O EIRP increases by 20log,,(N) Beam steering . ’ Q@-‘%‘Q S L
B Rx array: enhanced Rx sensitivity ur S ﬁé‘@ SN
O S/N increases 10log,,(N) - p 7 ,’*‘*g’

O NF decreases by 10log,,(N)
0 Beam width narrows ~ 2*sin"1(2/N)

0 Array area decreases (1/2)2 (l/2 lattice spacing)

3 4
Lower Tx power per Power 26 56
Amplifier and Antenna element z jz
‘_’ TR I'Jiodule PCB
mmWave FEM r_e_qu iIrements Ca_n be Gabriel Rebeiz, “Si RF Technologies Enabling 5G
addressed by Silicon technol ogles Millimeter Wave Applications,” October 2018.
© 2023 IEEE F3.1: Emerging Device Technologies for 22 of 42
International Solid-State Circuits Conference

RF/mmWave FEMs

Nicholas Comfoltey, “Emerging Device Technologies for RF/mmWave FEMs,” ISSCC2023 Forum

IEEE
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Key Antenna Package Requirements

HETEROGENEOUS
INTEGRATION ROADMAP

¢ : Electrical
Si IC(s) :l Y * Impedance matching at each port
Frequency 0 0 ] Q’ » Radiate EM energy efficiently

Conversion and ' ' . .
Beam Forming l' » Achieve low coupling between antenna elements
(phase and gain N ports ' ' ; .

control) 0 » Have equal signal delays between input ports and

0 antenna feedlines

» Achieve near hemi-spherical radiation patterns,
equal among radiation elements

» Feature sufficient layers for |C interconnects
Thermomechanical

* Provide mechanical support to the ICs

v _RFIe e P * Achieve low CTE mismatch with the ICs for

BGA balls

- Board mechanical stability over temperature
* Reliable mechanical connection to ICs and boards

Copper

Heat sink

Bodhisatwa Sadhu, Alberto Valdes-Garcia, “Silicon based millimeter Wave Phased Array Design,” IMS2020 Technical Lecture

IEEE > ,
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Challenges for Millimeter-Wave Design

1. IC design & modeling is difficult

MAG(dB), H,, (dB)
3

[ © aMOS-HBT cascode: MAG
oF — HBT: MAG
— HBT:H,,

aasl

IS

vy
Modeling
challenges

10 100
FREQUENCY (GHz) [1.3] BCTM 2015

2. Antenna-package-IC integration is

difficult

4 )

15%-level package tiles
with embedded antenna

|- - - W W)

b Em—— ) () ——]

2"d_|evel PCB

\ Heat sink /

Integration challenges: Antenna
constrained by package, package
constrained by IC & thermal

3. Measurements are difficult

hitps/fwww_pasternack.com

1.0mm Male to
1.0mm Female
$5,878.91

Requires expensive specialized
equipment and frequent calibration

Bodhisatwa Sadhu, Alberto Valdes-Garcia, “Silicon based millimeter Wave Phased Array Design,” IMS2020 Technical Lecture

€ IEEE
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Substrate and Process Options

LTCC (Ceramic) LCP-based MLO (Organic)

Antenna Antenna

25um SR {ANTERNA)
Antenna feed line Ag paste (10 um thick, p < 3 m{)/square) M4 15um ] ] [ ] | Antenna Layer
Antenna GND Antenna cavity Patch S0um LGE
D3 S SUB : t=625
H Hm
i Megtron-6(N)
12 mil - \\ / o 50um » . > LCP | Antenna Layer and fmmifﬁuz:
H = 15um . :
12 mI: DK=3.9 \ k e ] some LF Routing M =25
mi Ly SUB : t=120pm
8 mil i | | Power D2 soum M5: t=25um
4 mil i1 SUB : t=120ym (SIGNAL}
] i | GND 25um LCP| RF Ground & ‘:ng‘é-zsum
2 mil ' | 1 1 | M2 15um ) SUB : t=100pm )
8] o—C4d © L some LF Routing M3: t=26um
D1  soum | | ‘ | LCP| SUB : t=120pm (SIGNAL)
RFIC | BGA S Mast RF & LF M2: t=28m
Low -speed signal ©=500um 25um Routing — i [:illlum
I " IBM Image courtesy: s (SIGNAL)
: mage courtesy:
Image courtesy: IBM g y Samsung _RG
Wafer-level packaging Thin films on glass Quartz Superstrate

— 07um

Copper  Plated Conformal Vias t f q

Mold A artz
Comptand Silicon-MMIC > e 100 pm ) Superstrate antenna u
Passivation
Sio
\ * 2
-‘I\ S ]_5_p_m : M6 Layer M4 Layer
- Polymer T
= 3 i B 100-pm m Dielectric 3.5 um M3 Layer 0.5pym " 0.8 um
Orgf:":(fﬂ"‘il's | Redistribution ‘  pitch 0.5 mm Intra Chip Solder Ball F-I
(WPR) I Laver (Copper) ' j Metallization | (Sn-Ag-Cu) | m
] Note: antennas on separate n
Image courtesy: Infineon gypstrate, not shown Image courtesy: Georgia Tech Image courtesy: UCSD
[18] IMW 2021 Note that these examples are not necessarily the pioneers of these package technologies for mmWave phased arrays.

Bodhisatwa Sadhu, IBM Research, Fundamentals of mm-Wave Phased-Arrays, ISSCC2022, T10

IEEE  “photonics /psemi & Haranes ASME B oy
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Examples of Advanced Packaging Techniques for 56 =~ =

Stitch-chips
(fused silica)

RF front-end chiplet (e.g LNA, PA)

! |
i high-Q passives
Antenna chip  hig cr?ip Solder  Surface embedded Compressible

bump chip (e.g. memory)  microinterconnects

Fig. 1. Envisioned polylithic integration using stitch-chips for RF/mm-wave
applications

— — [ | =
Ti/CulAu Sacrificial Photoresist NiW
photoresist mold

Stitch-chip
ISR N (fused silica)
CMI-chip (fused silica) CMI-chip (fused silica) ‘\. Length: 500 pm
(a) (b)

or 1000 pm

Stitph-chips
=

Fig. 4. CMlI-chip fabrication process: (a) photoresist patterning after pac d (b 1 ftes bl
lift-off, (b) photoresist spray coating after seed layer sputtering, (c) photoresis and (b) samples after assembly
molding and electroplating, and (d) CMI releasing

GaTech: 0.2dB Insertion Loss @ 28 GHz!

T. Zheng, “Polylithic Integration for RF/MM-Wave Chiplets using Stitch-Chips:
Modeling, Fabrication, and Characterization,” IMS2020,
https://ieeexplore.ieee.org/document/9223887

< IEEE ‘Bhotonics 5 semr

Society

embedded into

Interposer
Step 1: Chips .--ﬂ
3" wafer using l“- ) Fig. 10. Cartoon cross section diagram illustrating the daisy chain electrical

| CMI-chip (fused silica) | s = CMI-chips
CMi-chip (fused silica) CMiI-chip (fused silica)
(a) (b)
© (d)
¢ Fig. 5. Assembly: (a) flip-chip bonding of the stitch-chip and the CMI-chip

swgs Dnc vy - R—
(m‘::cnmc ;crc)n I H 5000A Au on fanout Fanout
paling. 2000A nitrideon chip '+ * v E

~—y/’ SOCIETY

1) Chips 3) Metal Electroforming for integration and
(diverse technologies) thermal management

M.‘/)“/J‘ Interposer wafer ///// ////
A I'p,, ////
qy
d

25'C bfm
Temporary
carrier wafer, y ., 0000
N | ¥ & v &5 £

Chips face down
2) Room temperature MECA 4) MECA release & flip 5) Interconnect formation
interposer assembly

Top View Side View Chi
MenTraee  Peivaon Probe Pad e P
Chips mm _L_—ﬁi-_ = —
1;?;:::: N " ———————

connection between chip and fanout after bonding

e T— ; 10um pitch i

Alignment of e 2 i »

Lithograph £ e )

mmmn: =] S000A Au on chip

for Non-Tdeal i chip
Assembly

(CALI4NIA)

Fig. 11. SEM cross section image of two chip-fanout connection pairs showing
BoE e the Au-Au bonding interface

Step 4: Chip
release

HRL: Wafer-Level integration for IlI-V

S. Nadre, “10um Pitch Bumping of Singulated Die Using a Temporary Metal
Embedded Chip Assembly Process,” 2022 ECTC
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HET;‘;EﬁOUS
Highly Integrated D-Band Phased-Arrays for 6G wireless Communications
A 140 GHz FEM in 22nm FD-SOI  imec Radio-On-Glass Technology ~ Nokia
T/R switch schematic

O Design 0 Glass is used as an interposer

®  4-stage PA, LNA ) .

®  Asymmetric T/R Switch with T/L O Carrier DC, digital and RF P amoser |

®  ESD robustness O integrated SIW waveguide I ]

[ St;cked-FgT PA _ B Low loss (0.04 dB/mm)

& batkome terminated it 15KW Ihongu e Laasehemat = Conversion from GSG to ST =

R to enhance linearity and PAE
O Results (including switch loss)

B SIW to WR-6 conversion
O PCB carries baseband

B Tx: i

33.6 dB Gain, 12.5 dBm Psat, o interface

10.8% PAE max e — O LO interface for both chips
B Rx: El

20 dB Gain, 9.2 dB NF, 20mW

135 140
Frequency (GHz)

X. Tang et al,” A 140 GHz T/R Front-End Module in 22 nm FD-SOI CMOS ", RFIC 2021

X. Tang, “A 140 GHz T/R Front-End Module in 22 nm Mohamed Elkhouly, Shahriar Shahramian, Nokia:
FD-SOI CMOS, RFIC 2021,RFIC2021 ISSCC 2022, 6G Forum

What is the breakpoint for AiP versus AoC? And for 2.5D versus 3D?

LECTRON
EVICES
SOCIETY®

IEEE . _
QIEEE  *photonics /o semr &S ot
‘ >oclety N/ SOCIETY




AAAAAAAAAAAAAAAAAA

The 3D Interconnect Technology Landscape

3D-SIP 3D-SIC
Package stacking o Multi-die Packaging Die Stacking
o Interposer “2.5D" ubump

o Embedded Die

I

E—

OCO00000000000

OO0 00O0000O0

3D-S0C 3D-IC
Wafer-to-Wafer Wafer-to-Wafer Transistor
bonding Sequential Stacking
Processing

- 3D Interconnect Pitch scaling

imm 400um

| |
100 pm 40pm 20pm 10 pm

I
4um  2um  1gm  500nm 100nm

3D Interconnect Density (#/mm?2)

|
1 1‘0

1(52 lb3

107

165 lbe‘ 1b7 168

>

Nadine Collaert, imec, Emerging device and heterogenous integration technologies for sub-THz
Applications, ISSCC 2022, 6G Forum.
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Technology/Capability Gaps and Showstoppers

Challenge 2: Selection of Semiconductor
Technology Based on Output Level

5G Application Scenarios Estimated Power Ranges for 5G TX ICs
& Requirements 2018 (estimatea) & Estimated Max Power of Different Technologies

Access |Base Backhaul
point station 100 -

EIRP (ave) 30 dBm 43dBm  60dBm 60dBm 75 dBm -
Number 4-6 32 256 256 256 E 10 -
antennas g
Pave /PA 14dBm 11dBm  10dBm 10dBm 25dBm =) g
o
Pmax/PA 23dBm 20dBm  19dBm 19dBm 33dBm 3
o
" a 041 !
{Eaf::lency 20% 20% 20% 20% 20% - - Eh — Basasi Hiions
DCpower 0.6W 2W 12W 12W 390W 0.01 o4 1 1'0 160
Frequency (GHz)
IEEEh t . . / . fa\ 1EEE LECTRON
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Necessary Semiconductor Technologies for 6G

* Objective
e Support high data rate Communications
* Spatial multiplexing for high capacity

* Benefits (140 — 1000 GHz)

* Large available spectrum

* Shorter wavelength — more channels for same sized
array

e Challenge

* Atmospheric attenuation
e PAA element spacing - —A/2 @ 150 GHz is 1 mm

* Challenging packaging technologies

Technologies
I1I-V: InP HBT, InP HEMT, GaN HEMT, SiGe

* Heterogeneous Integration

 Small Form Factor
* Antenna On Chip

€ IEEE

IEEE o
photonics

/psemr

Saturated Output Power vs. Frequency (All Technologies)
60

CMOS
SiGe
50 GaN
GaAs
LDMOS
InP
~=Trend_CMOS
==Trend_SiGe
~Trend_GaN
—Trend_GaAs 3
——Trend_LDMOS i
Trend_InP E
Oscillators
Multipliers

B
=3

Psat (dBm)
s

~n
=]
T

-
=3

01 1 10 100
(Log) Frequency (GHz)

https://ideas.ethz.ch/research/surveys/pa-survey.html

140

| 240 GHz 287 GHz (NTT, IMS'18) 250 GH
~~ |___(Univ. Wuppertal, T-MTT"20) z i ,
Q 120 [ (ZS.ﬁVG;lifoshima e A l o< = (NTT, Bc:c;i:‘gc,;szsc 20) BCMOS
Q 100 : * ‘ . . ‘4— (Univ. Stuttgart,
8 8o | = f IRMMW'14)
300 GHz ® In P
3 60 | (Univ. Stuttgart, T-TST'20) |
E B %< 256 GHz Phased array
© 40 O (Tokyo tech, ISSCC'21) 304 Gy (NTT, IMS'16) ASiGe
+ 20 | oA
© ¢ ®
o 0 L i aaaaal 1 i i aaul L il L i i aaial L Al A llal
0.01 0.1 1 10 100 1000

Link distance

H. Hamada, “Sub-THz InP-based(WireIess Connection
Techniques toward 6G, “ ISSCC 2022, 6G Forum
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HETEROGENEOUS
INTEGRATION ROADMAP

140GHz Tx Analysis -- 65dBm EIRP Array PAE Contours

Assumptions:

i 1/2 latti i
Array size / technology / thermal trades sldB attice spacing

600 - —
[ -~ | Pdc / element = PA + 100mW
PA PAE (avg) : : | _- ‘: 100% array fill factor
I 1 I he - | o } 1
500 | I I I ‘ c«f—, - . T I
I I ! oV - - |
~ 400 I | I l 7; = I CMOS Territory 1
S ! l : a0 W= I :
.:: : : ! - g | |
300 I I 1 I
& I ! s I 4
o cand 5% | NextGen P | 1 :
£ 200 I:,Mi"lg‘f' SiGe & SOI Territory 1 — ::-‘I
< 140% _ + ~ : #l  he— I
— Ty ey I |
100 I\\‘}‘ * ——— J4--- 10 W/cm2 | I
5% T _- .4I- “* ! . !
PA Pavg: 15dBm 12dBm 9dBm 6dBm 3dBm O0dBm
N (# elements) 400 600 800 1000 1200 1400 1600 1800
Array Size: 4.6cm2 9cm2 14cm2 18cm2
* 90GHz 384-element IC area Y 28GHz 256-element BF IC area 28GHz 256-element ——>
S. Shahramian et al A. Khalil et al Array size
© 2023 IEEE o F3.1: Emerging Device Technologies for 36 of 42
International Solid-State Circuits Conference RF/mmWave FEMs
Nicholas Comfoltey, “Emerging Device Technologies for RF/mmWave FEMs,” ISSCC2023 Forum
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New Services Performance Requirements

O Truly immersive XR

B Virtual Reality, Augmented ™¢

Reality, Mixed Reality

O High-fidelity mobile
hologram

B Next-generation media
technology using
holographic display

O Digital replica

B Replicate physical entities
and interact with them in
a virtual world

29 @
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HETEROGENEOUS
INTEGRATION ROADMAP

Next Stop For R&D: 6G

6G Vision and Requirements

Peak rate: 1 Tbps (5G x50)

User experience data rate: 1 Gbps (5G x10)

Latency: 100 psec (5G x 1—10)

User Experienced
Data Rate
(Gbps)

Peak Data Rate

(Gbps) Energy Efficiency

Reliability Spectral Efficiency

Connection Density Air Latency
(devices/km?) (ms)

144 GHz TX beamformer module
with eight dual-channel

45nm RFICs wire bounded to the
antenna array. (Samsung)

30.00

Antenna array with 16 RF channels
at 144 GHz carrier frequency.

20.00
10.00

0.00 |

v AN ‘l“ ‘,‘ AR
*! AV, TAURY | i ] W
-10.00 | \L', ,.1” i ¥ [/ /! . I

RealizedGain [dB]
s
St
S
— ’>r==‘;/ =

Gary Xu: THz for 6G Communications: Vision and Challenges,

ISSCC2022 6G Forum

€ IEEE

IEEE .
sphotonics

Society

|
| | '
-20.00 T T T T T
-60.00 -40.00 -20.00 0.00 20.00 40.00 60.00
Theta [deg]

Antenna pattern shows 21 dB of realized gain and +/-40
degree steerability.

Shadi Abu-Surra et al, “End-to-end 140 GHz Wireless Link Demonstration with
Fully-Digital Beamformed System, “ 2021 IEEE ICC Workshop” Samsung . UCSB
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HETEROGENEOUS
INTEGRATION ROADMAP

Foundational research  Vision forming  Service requirements Study Item (proposals) Work ltem  Trials  1oDTs

, 3GPP6G
Workshop

Next technology leap for new
capabilities and efficiencies

=
C i
;
Continued 5G evolution in the 6G era
= 5G Advanced
Q 2" wave of 5G innovations

=

56 _Rel17 D
_ Rel-16 )

Rel-15 ) °G

A unified platform for innovations

WRC-19 WRC-23 WRC-27 WRC-31

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030+

IEEE )
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HETEROGENEOUS
INTEGRATION ROADMAP

Promise of 5G

5G wiill expond the mobile Powering the digital economy
ecosystem to new industries $‘|31 Tr| |_|_| on

in global sales activities by 2035

; ‘-

—

Digitized education Connected healthcare

Richer mobile experiences Smart manufacturing Intelligent retail

https://www.qualcomm.com/content/dam/qcomm-martech/dm-assets/documents/Qualcomm-Whitepaper-Vision-market-
drivers-and-research-directions-on-the-path-to-6G.pdf
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HETEROGENEOUS

6G will bring new and enhanced user experiences across the connected intelligent edge &=

PO Y

. 3 g '
e % | N “ *
Critical se \ Collaborative rebots,real- — Hologram -} Ultra-wide areato -

N > e ) 8 s i) " - - s L
expansion time command and ob _telepresences L) micro connectivity

B, o :

1 et ] - 4 : \,, o : £~ . .l ) ! I

¥ Enhanced boundless. 2Wfr‘eles-§ e Humandu ’H dition ﬂnkno\iun%tge' e
XR experiences : * fusion .o | &
—— 5 U e %

-

e gaseg .'_. Al 8 e

Propelling next-level experiences and innovative use cases in the
new era of the connected intelligent edge for 2030 and beyond

https://www.qualcomm.com/content/dam/qcomm-martech/dm-assets/documents/Qualcomm-Whitepaper-Vision-market-
drivers-and-research-directions-on-the-path-to-6G.pdf
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onIMS Antenna on Quartz Superstrate

Connecting Minds. Exchanging Ideas.

X3 & Wilk.

------------------

Top Metal & Diff 50Q *
120pm Flller(OA/B) ~45Q TL i
s 3" ~Ra/% *‘

’
[}
]
L \ ,\ 1
]
: ~20. znTL
: / "'ld/‘l'
]
1
!
[}
L}
[}
1

Quartz
Oxide/folimid

[
|
|
— |
B Fill,
ho 17 "' |2 antema | 2
A Fill € [OnQuartz|Ew w
um 104 Pl /5 5
[ UA[T.2pm) 1 |
GND Plane |
|
|

53 mm

An, rr”‘illztll‘;r.

(M1-UA) GN E)Url’la nd 13 {50um
| Substrate(Silicon) | \-- ) T £ RGN
» Patch antenna arrays fabricated on the quartz superstrate Die Photo E:t‘:;ir‘::ra‘:‘*gzn’;‘r:'z
= EM wave coupled between the on-chip feed and the antenna RX Chi D TX Chi P
= Antenna feed matching network based on microstrip TL
Array Pattern (@ 140 GHz) 138 GHz/ E-plane TX Array EIRP vs. Frequency
B0 IMS Build Phased-Array Systems at 140 GHz g ) ' “ v
~ m F —e— Psat
. 5 - ? / ' \\ =30} '/_—’\‘\\,\
. - T - q, \
Method : Wafer-Scale with Quartz Superstrate “ 2 8 k ' ' " ‘ é " /———\_\
(Used above 60GHz) N § AN “ &
Low-cost More chip-level E ) § " ‘« “ j: [
carrier PCB design effort z = 4 ’.‘I I
Ant g | i . . . .
Mierltd_ Quartz Superstrate Layer \yirepond for Onlv IF and %60 40 20 0 20 40 60 3060 zo 20 n 0 da2 13 138 41 14a a4
LO, IF, VDD, SPI DL/ EL Angle (deg.)  Anglo (deg.) Frequency (GHz)

o e s s o LO Antennas may
= = B B B B E——1 Copper filled Vias  distribution, .
= etk for Cooing SPi, VDD o "t be widsband RX Meas TX Meas
LowcostPCB forLo, " CB Li & Rebiez, “A 140GHz CMOS RFSOI Transmit-Receive Phased-Array

IF, VDD, SPI (no RF) Can be used Possible air gap

at high between Quartz Wireless Link with 11-12Gbps and 16 and 64-QAM Operation,”

frequency and silicon IMS2022
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Enabling technologies, 6G new application opportunities and technological challenges

* RF spectrum for future localization and sensing

SYSte m S New Enablers Applications & Opportunities
* Leap in available bandwidths and carrier frequencies

* The transition to THz frequencies has several VWA % 3“’ % ((°))

im po rta nt benefitS. Nel\-ova:‘;:q:::;i::::ds TS:::;::;)' MEC Sensing /imaging  Robot localization ~ Object recognition
* Signals at these frequencies are unable to penetrate @ AP = N
objects, leading to a more direct relation between the N = g
propagation paths and the propagation environment. sy Conpptom Smn  Comentowarren iomconm gyt
* At higher frequencies, larger absolute bandwidths are .
available, leading to more resolvable multi-path in the 3|Al]E o @ ? ICo
delay domaln Wlth more SpeCUIar Components. AI&:nl:chine Roll, pitch, yaw De:se.ar;ys Radar capabilities Low power AR/VR/MR
* Shorter wavelengths imply smaller antennas, so that small eering Pirectenslransmiesien
devices can be packed with tens or hundreds of antennas, D10 o
which will be beneficial for angle estimation.
* The high-rate communication links offered by 6G will be Lo ey o o e o
able to be leveraged to quickly and reliably share map and
location information between different sensing devices. Challenges
* 6G is not not just new frequency bands — it will be Al- x & GO N &
enabled for sensing, communications and imaging : S
§ e MREITUER IR I s
- http://jultika.ouIu.fi’/fiIes/isbn9789526226743.pdf
B . ,:\ IEEE LECTRON
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6G Spectrum Extension docomo

= 5G NR supports frequency bands up to 52.6 GHz, and extension to approximately 90 GHz for future release

= 6G exploits higher frequency bands than 5G such as “millimeter wave” and “terahertz wave” (~300 GHz), and
remarkably wider bandwidth can achieve extreme high data rates exceeding 100 Gbps

5G NR supporting spectrum up to ~50GHz (52.6GHz)

5G 5G evolution

up to ~90GHz)

5G Sub-6 5G mmW
< Initial focus >
A
' (FR3) (FR4) (FR5) >
1GHz 3GHz ! 10GHz 30GHz 100GHz 300GHz Frequency
Technical difference/i
to be identified v 6G
< 6G Low/Mid-band > < 6G High-band >
Coexistence with existing technologies Pbssibility to exploit new Exploiting further higher spectrum
in lower-frequency spectrum spectrum, e.g., 10-20GHz including above 100GHz (“THz spectrum”)

http://6gg|obaI.org/downIoad/2-1.%20NAKAMURA,%ZOTakehiro.pdf
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HETEROGENEOUS
INTEGRATION ROADMAP

 We are at a unique point in time when there is a global recognition on the critical roles
of semiconductor and microelectronics as foundational pillars to nations economies.

 There is immense need for a Heterogeneous Integration technology roadmap
addressing future vision, difficult challenges, and potential solutions to pave the way
for Microelectronics Resurgence

* Our Greatest Challenge are ourselves : will we take full advantage of unique
opportunities today collaboratively advancing the the science & technology for the
benefit of humankind.

 Heterogeneous integration (e.g SiP & Chiplets & more) is a broad & deep base for
Science & Technology Renaissance & Microelectronics Resurgence
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Thank You!

https://eps.ieee.org/technology/heterogeneous-integration-roadmap.html

LECTRON
EVICES
Socn-:w®

IEEE . _
QIEEE  *photonics /& sem & B

>oclety OCIETY



AAAAAAAAAAAAAAAAAA

Backups

IEEE
= - ) . 7\ IEEE @%LECTRON
PIEEE  “photonics  Spsemi o B



	Slide Number 1
	Technology Roadmaps to Enable the 5G Ecosystem
	Slide Number 3
	Status of 5G Deployments in 2024 (GSMA Report) 
	Digital Connectivity: A Transformative Opportunity
	Slide Number 7
	Slide Number 8
	MmWave Development in 2023: Where's It Going & What Are the Challenges
	Millimeter-Waves Challenges and Mitigations
	6G Wireless Communications in 7–24 GHz Band:�Opportunities, Techniques, and Challenges
	Wireless Telecommunications Growth
	RF Front-Ends Play a Critical Role to the Deployment of 5G Ecosystem (RFICs, Antennas and Advanced Packaging) 
	Main Design Challenges for End-to-End, Full-Stack THz Networks
	Slide Number 15
	Mm-wave Phased Arrays: a Common Feature in your Phone!
	Technology/Capability Gaps and Showstoppers
	Slide Number 18
	Key Antenna Package Requirements
	Slide Number 20
	Slide Number 21
	Examples of Advanced Packaging Techniques for 5G
	Highly Integrated D-Band Phased-Arrays for 6G wireless Communications
	Slide Number 24
	Technology/Capability Gaps and Showstoppers
	Necessary Semiconductor Technologies for 6G
	Slide Number 27
	Next Stop For R&D: 6G
	Slide Number 30
	Promise of 5G
	6G will bring new and enhanced user experiences across the connected intelligent edge
	6G 140-GHz Phased Array
	Enabling technologies, 6G new application opportunities and technological challenges
	Slide Number 35
	Slide Number 36
	Thank You!
	Backups

